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Abstract 
A study of a sterilizing flow in a package is done. The study is done with the 
commercial code Fluent using Large Eddy Simulation and validated with both 
Laser Induced Fluorescence and Particle Image Velociometry.  
 
The velocity field is examined in several ways; with changes in grid size, inlet 
conditions and sub-grid scale models. The study showed that the most 
important parameter is the size and form of the control volumes. A comparison 
with the PIV data shows that the simulations have lower velocity in the lower 
part of the package and more turbulent fluctuations in the whole package.  
 
The concentration study is done with two different geometries, a larger with a 
7 percent larger volume than the smaller. The grids of the two geometries 
differs in the way that the small package has only hexahedral cell and the large 
package also has some tetrahedral cells in the bottom. A comparison to LIF 
data shows that the simulations of the small package match really well both in 
the top and in the bottom of the package. The simulations of the large package 
match well in the top but have a lower concentration level at the bottom. This 
could be explained by the tetrahedral cells which generate more numerical 
diffusion. A comparison between the large and the small package shows only a 
small difference of concentration over time.  
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Nomenclature 
Latin characters 
aij Reynold-stress anisotropy 
C concentration of an additive 
Cμ k- ε-model konstant 
Cs Smagorinsky constant 
ࣝ௜௝
°  cross stresses 
d diameter of the pipe 
D diffusivity 
G filter function 
Ĝ transfer function 
k kinetic energy 
kr residual  kinetic energy   
Le entrance length 
l0 characteristic length 
ls Smagorinsky length scale 
ࣦ௜௝
°  Leonard stresses 
p pressure 
r radius 
R radius of the pipe 
࣬௜௝
°  SGS Reynolds stresses 
Sij rate of strain tensor  
࣭ҧ characteristic filtered rate of strain 
 t time 
Tij residual stress 
u velocity along x-axis 
u0 characteristic velocity 
uc velocity at centeraxis 
um mean velocity 
uη Kolmogorov velocity scale 
u’ r.m.s of turbulent fluctuation along x-axis 
v velocity along y-axis 
v’ r.m.s of turbulent fluctuation along x-axis 
V volume 
w velocity along z-axis 
w’ r.m.s of turbulent fluctuation along x-axis 
 
Greek characters 
δij Kronecher-delta 
 v 
 
Δ filter width 
ε dissipation rate 
η Kolmogorov length scale 
κ wavenumber 
λ Taylor micro scale 
μ dynamic viscosity 
ν kinematic viscosity 
νT turbulent kinematic viscosity 
νr eddy viscosity 
ρ density 
τij residual stress tensor 
߶  arbitrary scalar 
Dimensionless numbers 
Re Reynolds number 
Sc Schmidt number
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model and grid size. Furthermore to understand how these parameters affect 
the concentration build-up. 
 
The results are to be verified with Particle Image Velociometry, PIV, and 
Laser Induced Fluorescence, LIF. 
 
1.3 Focus 
The focus of this thesis is the numerical simulation. The simulations are done 
with the software Fluent, and the model used is LES. A small part of the work 
has been to participate in the experiments and learn a bit about LIF. The 
experiments are done at Tetra Pak, in a water rig.  
 
1.4 Disposition 
The theory of turbulence is written in chapter 2, the turbulence model used is 
also described here. The two techniques used in the experimental part, and the 
water rig are described in chapter 3. The different case setups are described in 
chapter 4, with some theory of the discretization schemes. The results are 
shown in chapter 5 and some conclusions are stated in chapter 6.  
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2 Theory 
In this chapter the most important theory behind this thesis are described. 
2.1 Governing equations 
The behavior of an incompressible viscous flow is described by the continuity 
equation (2.1) and the momentum equation (2.2).  
 
 ߲ݑ௜
߲ݔ௜
ൌ 0 (2.1) 
 
 
߲ݑ௜
߲ݐ
൅ ݑ௝
߲ݑ௜
߲ݔ௝
ൌ െ
1
ߩ
߲݌
߲ݔ௜
൅ ߥ
߲ଶݑ௜
߲ݔ௝߲ݔ௝
 (2.2) 
 
In the equations above p is the pressure, ρ the density and ν is the kinematic 
viscosity. [3] 
 
The mass transport of an additive is described by 
 
 ߲ܥ
߲ݐ
൅ ݑ௝
߲ܥ
߲ݔ௝
ൌ ܦ
߲ଶܥ
߲ݔ௝߲ݔ௝
, (2.3) 
 
where C is the concentration of the additive and D the molecular 
diffusivity.[4] 
2.2 Pipe flow 
The inlet conditions in a turbulent jet are determined by several parameters. 
One important parameter is the velocity profile in the nozzle, which is 
determined by the geometry upstream. The development of the profile is 
described here. 
 
Flows in circular pipes behave different depending on the Reynolds number. 
The velocity profile is different for laminar and turbulent flows. The profile 
for a turbulent flow could empirically be described by 
 
 ݑ௠
ݑ௖
ൌ ቀ1 െ
ݎ
ܴ
ቁ
ଵ ௡ൗ
 (2.4) 
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Boussinesq’s hypotheses can be used in many different cases, but there are 
several cases where the hypotheses fail, for example in flows with strong 
rotation, curved streamlines or secondary flow. 
 
One common RANS models is the k-ε-model. The k-ε-model is a two equation 
model where the turbulent viscosity is: 
 
 
ߥ் ൌ ܥఓ
݇ଶ
ߝ
 (2.12) 
 
To close the system, the modeled equations for kinetic energy and dissipation 
is needed. The k-ε-model is widely used and incorporated in most commercial 
software.[7], [8]  
2.4.2 Large Eddy Simulation 
LES is based on spatial filtering thereby large scales are resolved and small 
scales needs to be modeled.  A common way to do this is to use an eddy-
viscosity model.  
 
The general filtering operation of velocity is defined by 
 
 ࢛ഥሺ࢞, ݐሻ ൌ න ܩሺ࢘, ࢞ሻ࢛ሺ࢞ െ ࢘ሻ݀࢘, (2.13) 
 
where ܩሺ࢘, ࢞ሻ is the filter function, which should satisfy the normalization 
condition. 
 
 න ܩሺ࢘, ࢞ሻ ൌ 1 (2.14) 
 
The decomposed velocity is then given by 
 
 ࢛ሺ࢞, ݐሻ ൌ ࢛ഥሺ࢞, ݐሻ ൅ ࢛ᇱሺ࢞, ݐሻ (2.15) 
 
In comparison with the Reynolds decomposition the filtered residual is not 
zero: 
 
 ࢛ᇱഥ ሺ࢞, ݐሻ ് 0 (2.16) 
 
The filtering can be done with different filtering operations. The three most 
common filters are the box filter, the Gaussian filter and the sharp spectral 
filter. In Table 2.1: Some common filter functions the filtering functions for 
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Filtering of the governing equations, (2.1) and (2.2), will result in 
 
 ߲ݑത௜
߲ݔ௜
ൌ 0 (2.18) 
 
 ߲ݑത௜
߲ݐ
൅
߲ݑఫഥ ݑపഥ
߲ݔ௝
ൌ െ
1
ߩ
߲݌ҧ
߲ݔ௜
൅ ߥ
߲ଶݑത௜
߲ݔ௝߲ݔ௝
െ
߲߬௜௝
௥
߲ݔ௝
 (2.19) 
 
where the anisotropic residual stress tensor, ߬௜௝௥ , is defined by 
 
 
߬௜௝
௥ ൌ ߬௜௝
ோ െ
2
3
݇௥ߜ௜௝ (2.20) 
 
 ߬௜௝ோ ൌ ݑపݑఫതതതതത െ ݑఫഥ ݑపഥ  (2.21) 
 
߬௜௝
ோ , the residual stress tensor can be composed into three parts according to 
Germano: 
 
 ߬௜௝ோ ൌ ࣦ௜௝୭ ൅ ࣝ௜௝୭ ൅ ࣬௜௝୭  (2.22) 
 
The three parts are the Leonard stresses, ࣦ௜௝୭ , the cross term stresses, ࣝ௜௝୭ , and 
the SGS Reynolds stresses, ࣬௜௝୭ . In Figure 2.7 the different regions for the 
decomposed stresses in the energy spectrum are seen.  
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 ߬௜௝௥ ൌ െ2ߥ௥ పܵఫതതതത . (2.26) 
 
The eddy viscosity, ߥ௥, is modeled as 
 
 ߥ௥ ൌ ݈ௌଶ࣭ҧ ൌ ሺܥௌ∆ሻଶ࣭ҧ , (2.27) 
 
 ࣭ҧ ൌ ሺ2 పܵఫതതതത పܵఫതതതതሻଵ ଶ⁄ . (2.28) 
 
࣭ҧ is the absolute value of rate of strain and ݈ௌ is the Smagorinsky length scale 
which is proportional to the filter width, ∆. The constant ܥௌ is the Smagorinsky 
coefficient. The coefficient ܥௌ is derived by Lilly and usually around 0.1. The 
Smagorinsky-Lilly model does not account for backscatter. 
 
The dynamic Smagorinsky-Lilly model is basically the same as the above. But 
the coefficient ܥௌ  is not specified; instead it is calculated locally by the 
information given by the resolved scales. Two filtering operations with 
different filter widths are done instead of one. The first is the grid filter, with 
the filter width ∆ത and the second is the test filter with the filter width ∆෨ .This 
results in two new filtering operations, 
 
 ࢛ഥሺ࢞, ݐሻ ൌ න ܩሺ|࢘|; ∆തሻ࢛ሺ࢞ െ ࢘, ݐሻ݀࢘ (2.29) 
 
for the grid filter and  
 
 ࢛෥ሺ࢞, ݐሻ ൌ න ܩ൫|࢘|; ∆෨൯࢛ሺ࢞ െ ࢘, ݐሻ݀࢘ (2.30) 
 
for the test filter. The residual stresses for the double filtered equations are 
defined by 
 
 ௜ܶ௝ ൌ ݑపݑఫതതതതത෪ െ ݑపഥ෩ ݑఫഥ෩ . (2.31) 
 
In the dynamic Smagorinsky-Lilly model the residual stresses, ߬௜௝௥ , are written 
 
 ߬௜௝௥ ൌ െ2ܿ௦∆തଶ࣭ҧܵҧ௜௝. (2.32) 
 
The constant ܥௌ
2 is here changed to ܿ௦, and can therefore be negative and take 
in to account for backscatter. The residual stresses for the double filtered grid 
is written 
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௜ܶ௝ ൌ െ2ܿ௦∆ത෨ଶ࣭ҧሚܵҧሚ௜௝ . (2.33) 
 
The dynamic model is very accurate for high-Reynolds-number turbulence and 
provided that the filter widths are well within the inertial subrange, where the 
assumption that the Smagorinsky length scale is proportional to the filter 
width.[7] 
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calculating the cross-correlation. With a displacement vector ݀࢞ the velocity is 
given by:[12], [14] 
 
 
ݑ ൌ
݀࢞
݀ݐ
 (3.1) 
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 ߶௪ ൌ ߶ௐ
߶௘ ൌ ߶௉
(4.2) 
 
Second-order upwind 
The second-order upwind scheme is based on the same idea as the first-order 
scheme, but to get higher accuracy a second-order Taylor expansion is made. 
This gives the following expression for the face value:[9] 
 
 
߶௘,ௌை௎ ൌ ߶௉ ൅
߲߶௉
߲ݔ
· ݀ݔ௉௘ , (4.3) 
 
The second-order upwind scheme generates a less diffusive result than the 
first-order upwind. 
 
Central differencing 
In Fluent the central differencing scheme is of second-order accuracy. Central 
differencing scheme is a linear approximation that with the second-order 
accuracy takes into calculation the gradients at node E and P. [9] 
 
 
߶௘,஼஽ ൌ
1
2
ሺ߶ா ൅ ߶௉ሻ ൅
1
2
ሺ
߲߶ா
߲ݔ
· ݀ݔ௘ா ൅
߲߶௉
߲ݔ
· ݀ݔ௉௘ሻ (4.4) 
 
4.2.1 Discretization of momentum 
The momentum equations are solved with the bounded central differencing 
scheme. This scheme chooses from central differencing scheme, a 
combination scheme of central differencing and second-order upwind and also 
the first-order upwind scheme. The choice is based on two conditions; the 
convective boundness criterion (CBC) and normalized variable diagram 
(NVD). [11] 
4.2.2 Discretization of mass transport 
Solving the equations of mass transport the third-order MUSCL scheme is 
used. This is a combination of the central differencing scheme and second-
order upwind scheme. The two schemes are weighted as follows [11] 
 
 ߶௘ ൌ ߠ · ߶௘,஼஽ ൅ ሺ1 െ ߠሻ · ߶௘,ௌை௎. (4.5) 
 
 21 
 
4.2.3 Discretization of pressure 
The pressure is solved with the standard scheme; an interpolation of the 
pressure at the cell nodes is done to get the value of the cell face. The standard 
scheme is accurate for flows with small gradients in momentum. If the 
standard scheme is used in flows with a high gradient in momentum the result 
will be over- or undershoots in the cell velocity. [11] 
4.2.4 Temporal discretisation 
In transient simulations, the equations also need to be disctretizised in time. 
This is done with second order accuracy, for a variable ϕ the change in time is 
given by: 
 
 ߲߶
߲ݐ
ൌ
3߶௡ାଵ െ 4߶௡ ൅ ߶௡ିଵ
2Δݐ
 (4.6) 
 
It is important that the time-step is small enough in transient simulations, if it 
is too big the solution will be incorrect. A criterion to get the time-step small 
enough is that the Courant–Friedrichs–Lewy number is less than one. [11] 
 
 
ܥܨܮ ൌ
ݑ · ∆ݐ
∆ݔ
 (4.7) 
4.3 Solver 
The solving algorithm used is Non-Iterative Time Advancement (NITA) with 
the velocity coupling scheme Fractional Step (FSM).  
 
The NITA algorithm is used for transient simulations to speed up the 
simulation time. In a time advancing scheme all the equations are solved 
iteratively until the convergence criteria are met. The NITA scheme performs 
only a single outer iteration per time step. The equations are instead solved 
with smaller inner loops, one loop for each set of equations. To preserve the 
overall time accuracy the splitting error should be in the same order as the 
truncation error. A schematic picture of the NITA method is shown in Figure 
4.3. 
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The settings for the inlet for the nine different cases are summarized in the 
three tables below, one table for each grid configuration; Table 5.2 for 
Standard, Table 5.3 for Standard+ and Table 5.5 for Standard++. The chosen 
subgrid-scale model, SGS model, for each case can also be seen.  
 
Table 5.2 Settings for the three Standard cases 
 Vel 110% Turb Int 1 Turb Int 5 
SGS Dyn Smag Dyn Smag Dyn Smag 
Turbulent 
Intensity    [%]   5 1 5 
Velocity  [-] 1.1 1 1 
Profile Plug Plug Plug 
 
For the Standard configuration the aim is to see how changes in turbulent 
intensity and in velocity profile at the affect the velocity field downstream. 
 
Table 5.3: Settings for the four Standard + cases 
 Smag Dyn Smag Profil Dyn Smag + 
SGS Smag Dyn Smag Dyn Smag Dyn Smag 
Turbulent 
Intensity [%]    5 5 5 5 
Velocity  [-] 1 1 1 1 
Profile Plug Plug Turb Profile Plug 
 
The study of the Standard+ configuration is focused on how the velocity field 
is affected by the sub-grid scale model, by the inlet boundary condition (plug 
profile or turbulent profile) and by data-sampling-time and changes in the 
NITA solver controls affects the mean values. The changes in the NITA solver 
control are for the maximum corrections and the residual tolerance, see Table 
5.4. 
 
Table 5.4: : NITA Solution Controls for Dyn Smag + 
 Max. 
corrections 
Correction 
tolerance 
Residual 
tolerance 
Relaxation 
factor 
Pressure 15 0.25 0.00001 1 
Momentum 10 0.25 0.00001 1 
Rhodamin 5 0.25 0.00001 1 
 
The last configuration, Standard++, has two setups; the Dyn Smag, with the 
plug profile, and Profil+, with a turbulent profile and an extra refinement of 
the tetrahedral cells in the bottom of the bottle. 
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7 Conclusions 
The study made in this thesis is an examination of a sterilizing flow in a 
package. Changes of parameters are done to see how they affect the velocity 
field and a geometry change is done to see how that affects the concentration 
field. The results from the simulations are compared to the results from the 
experiments which are to be seen as a reference case. 
 
• The grid is of great importance, a finer grid with only cubic hexahedral 
cell gives a better result, since cells with less quality result in more 
diffusion. 
 
• The mean velocity field is quite insensitive to small changes of the 
inlet conditions. 
 
•  A small change of geometry does not affect the concentration field.  
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